The prediction of the added resistance and attainable ship speed under actual weather conditions is essential to evaluate the true ship performance in operating conditions and assess environmental impact. In this study, a reliable methodology is proposed to estimate the ship speed loss of the S175 container ship in specific sea conditions of wind and waves. Firstly, the numerical simulations are performed to predict the added resistance and ship motions in regular head and oblique seas using three different methods; a 2-D and 3-D potential flow method and a Computational Fluid Dynamics (CFD) with an Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach. Simulations of various wave conditions are compared with the available experimental data and these are used in a validation study. Secondly, following the validation study in regular waves, the ship speed loss is estimated using the developed methodology by calculating the resistance in calm water and the added resistance due to wind and irregular waves, taking into account relevant wave parameters and wind speed corresponding to the Beaufort scale, and results are compared with simulation results obtained by other researchers. Finally, the effect of the variation in ship speed and therefore the ship speed loss is investigated. This study shows the capabilities of the 2-D and 3-D potential methods and CFD to calculate the added resistance and ship motions in regular waves in various wave headings. It also demonstrates that the proposed methodology can estimate the impacts on the ship operating speed and the required sea margin in irregular seas.
Introduction
Now more than ever, the reduction of ship pollution and emissions, maximization of energy efficiency, enhancement of safety requirements and minimization of operational expenditure are key priorities. Traditionally, the focus has been on ship resistance and propulsion performance in calm water during the ship design stage even though there have recently been some changes in hull form design and optimization, from a single design draught and speed to a specific range of draughts and speeds considering a realistic operating profile for the vessel. However, when a ship advances through a seaway, she requires additional power in comparison with the power required in calm water due to actual weather and ship operating conditions. This degradation of the ship performance in a seaway, which is reported to be an addition of about 15-30% of the power required in calm water (Arribas, 2007) is accounted for by the application of a "Sea Margin" onto the total required engine power and a value of 15% is typically used. A more accurate prediction of the added resistance with motions and ship speed loss is essential not only to assess the true sea margin to determine the engine and propeller design points, but also to evaluate the ship performance and environmental impact under actual weather and operating conditions. Also from a ship designer's point of view, the design could be seen as more competitive if the vessel is designed for better performance in a seaway, and for ship owners and officers, they could have safer ships in actual operation at sea.
Regarding the international regulations, the Marine Environment Protection Committee (MEPC) of the International Maritime Organization (IMO) issued new regulations to improve the energy efficiency level of ships and to reduce carbon emissions. These regulations include the Energy Efficiency Design Index (EEDI) (IMO, 2011) as a mandatory technical measure for new ships and the Energy Efficiency Operational Indicator (EEOI) (IMO, 2009) which is related to ship voyage and operational efficiency for ships in service. Recently, the ship speed reduction coefficient (f w ) has been proposed and is under discussion for the calculation of EEDI in representative sea states (IMO, 2012; ITTC, 2014) .
The added resistance and ship motion problem in waves has been widely studied through experiments and numerical simulations using potential flow theory and CFD approaches. There are two major analytical approaches in potential flow methods which are used to calculate the added resistance: the far-field method and the near-field method. The far-field method is based on the added resistance computed from the wave energy and the momentum flux generated from a ship, and is evaluated across a vertical control surface of infinite radius surrounding the ship. The first study was introduced by Mauro (1960) using a Kochin function which consists of radiating and diffracting wave components and investigated in detail by Joosen (1966) and Newman (1967) . Later on, the far-field method, based on radiated energy approach was proposed by Gerritsma and Beukelman (1972) for added resistance in head seas and has become popular in strip theory programs due to its easy implementation. This approach was modified and extended to oblique waves by Loukakis and Sclavounos (1978) . Recently, Kashiwagi et al. (2010) used the far-field method to calculate the added resistance using enhanced unified theory to overcome the discrepancies originating in short waves and in the presence of forward speed with the experiments by introducing a correction factor in the diffracted wave component. They observed that the discrepancies tended to increase and became constant with the increase in the forward speed. The disadvantage of the far-field method is the dependency of the added resistance on the wave damping which cause inaccurate radiation forces at low frequencies when using the strip theory method. Liu et al. (2011) solved the added resistance problem using a quasi-second-order approach, applying the developed hybrid Rankine Source-Green function method considering the asymptotic and empirical methods to improve the results in short waves.
Another numerical approach is the near-field method which estimates the added resistance by integrating the hydrodynamic pressure on the body surface, which was first introduced by Havelock (1937) where the Froude-Krylov approach was used to calculate hull pressures. Boese (1970) proposed a simplified method where the importance of relative wave height contribution to the added resistance was first addressed. The near-field method was enhanced by Faltinsen et al. (1980) based on the direct pressure integration approach. Salvesen et al. (1970) introduced a simplified asymptotic method based on 2-D strip theory to overcome the deficiency of this approach in short waves. and Joncquez (2009) formulated the added resistance based on the Rankine panel method using a timedomain approach with B-spline functions and investigated the effects of the Neumann-Kelvin (NK) and Double Body (DB) linearization schemes on the added resistance predictions. Recently, Kim et al. (2012) formulated the added resistance using a time-domain B-spline Rankine panel method based on both near-field and far-field methods in addition to the NK and DB linearization schemes for the forward speed problem. They observed that, in the case of the added resistance, the far-field method was superior to the near-field method in short waves whilst, in the case of the free-surface linearization scheme, NK linearization showed better agreement with the experiments at high speeds compared to the DB linearization for slender bodies.
As computational facilities have become more powerful and more accessible, CFD techniques have been more commonly used to predict the added resistance and ship motions, taking into account viscous effects without empirical values and large ship motions as well as the effect of breaking waves and green water effect. Recently, Deng et al. (2010) , Moctar et al. (2010) and SadatHosseini et al. (2010) predicted the added resistance of KVLCC2 CFD tools as presented at the Gothenburgh (2010) , SIMMAN (2014) and SHOPERA (2016) Workshops. Following that, Guo et al. (2012) predicted motions and the added resistance for KVLCC2 using the ISIS-CFD flow solver as a RANS code and Sadat- Hosseini et al. (2013) predicted the added resistance and motions for KVLCC2 using the in-house code CFDSHIP-IOWA which is based on a URANS approach. Simonsen et al. (2013) carried out numerical simulations for the ship motions, flow field and added resistance for the KCS containership using Experimental Fluid Dynamics (EFD) and CFD. Tezdogan et al. (2015) performed URANS simulations to estimate the effective power and fuel consumption of the full scale KCS containership in waves by predicting added resistance in regular head seas using the commercial STAR-CCM+ software.
In addition to research on accurate prediction of the added resistance and ship motions in waves, there have been studies on reduction of the added resistance by developing the hull form. Park et al. (2014) modified the forebody of the KVLCC2 to an Axe-bow and Leadge-bow to reduce the added resistance in waves by means of EFD and potential theories. Kim et al. (2014) revised the bulbous bow of a containership to optimize the hull form for both operating profile of the ship in calm water and wave conditions using CFD simulations. However, there has been no significant research on the increase of the required power and the ship speed loss in a seaway.
In the present study, in line with the energy efficiency regulations, the main focus is on the development of a reliable methodology to estimate the added resistance and the ship speed loss due to wind and waves. All calculations have been performed for the S175 containership. Firstly, numerical calculations and validation studies have been carried out for the added resistance with ship motions in regular head and oblique waves using 2-D and 3-D linearized potential flow methods and CFD. Secondly, after the validation study on the added resistance in regular waves, the ship speed loss is estimated by the proposed methodology predicting the resistance in calm water and the added resistance due to wind and irregular waves taking into account the wave height, mean wave period and wind speed corresponding to the Beaufort scale, based on IMO and ITTC guideline/recommendation (IMO, 2012; ITTC, 2014 ) and compared with simulation results obtained by Kwon (2008) and Prpić-Oršić and Faltinsen (2012) . Finally, taking into consideration the typical slow steaming speeds of containerships, studied in detail by Banks et al. (2013) who compared the operating speeds from 2006-2008 to 2009-2012 , the effect of the ship speed loss at preliminary design and other lower speeds was investigated.
Ship particulars and coordinate system
All calculations of the added resistance and ship speed loss have been performed for the S175 containership, which is one of the benchmark hull forms used to study seakeeping capability by several researchers. The main particulars of the S175 containership are given in Table 1 . The model with scale ratio of 1/40 is employed in CFD simulations to estimate the added resistance and ship motions in regular waves and in head and wave headings.
In the numerical simulations, a right-handed coordinate system x, y, z is adopted, as shown in Fig. 1 , where the translational displacements in the x, y and z directions are ξ 1 (surge), ξ 2 (sway) and ξ 3 (heave), and the angular displacements of rotational motion about the x, y and z axes are ξ 4 (roll), ξ 5 (pitch) and ξ 6 (yaw) respectively and the angle θ represents the ship's heading angle with respect to the incident waves. For head seas the angle θ equals 0°and for beam seas from the port side the angle equals 90°. 
Numerical methods and modelling
In the present study, three different methods, namely the 2-D and 3-D linear potential methods and the CFD method were applied for the validation study on the added resistance and ship motions in regular waves and in various wave headings. For the numerical calculation of the added resistance due to irregular waves, the 2-D linear potential method was used and the mean added resistance due to irregular waves was evaluated by numerical integration. In the current study, wind spectrums were not applied in the estimation of total wind forces for the sake of simplicity.
2D linear potential method
The calculation of the added resistance and ship motions in waves was carried out using the 2-D linear potential method software ShipX. The program was developed by MARINTEK (Norwegian Marine Technology Research Institute) as a common platform for ship design analysis on ship motions and global loads in early design stage based on the 2-D linear potential using the strip theory (Salvesen et al., 1970) . In the ShipX program, the calculation of the added resistance in waves can be performed using two different approaches. The first approach is the far-field method based on the momentum conservation theory developed by Gerritsma and Beukelman (1972) and generalized and extended to oblique waves by Loukakis and Sclavounos (1978) . The second approach is the near-field method to integrate hydrodynamic pressure on the body surface including asymptotic formula in short waves to overcome the deficiency of the approach as discussed previously (Faltinsen et al., 1980 ). In the current study, the second approach is chosen for the calculation of the added resistance because the first approach shows large difference in the peak values while negative values conflict with the experimental data for the case of the following waves as shown in Fig. 2 .
The main reason for the poor agreement in the prediction of the added resistance for following seas between the far-field method and experimental results is attributed to the inaccuracies in the hydrodynamic coefficients and motions in the strip theory method which assumes low Froude number, high frequency and slender body (McTaggart et al., 1997) . In following seas the encounter frequency is low and in the current study the ship speed is high, hence the Pulsating Source (PS) method in the strip theory fails to satisfy the forward speed Free Surface Boundary Condition (FSBC). In the far-field method the added resistance prediction depends on the wave induced damping terms, hence when the encounter frequency is low, radiation forces cannot be calculated accurately and this results in negative added resistance values. However, the near-field method uses the drift forces obtained by the direct pressure integration method on the hull surface where drift forces are dominated by the ship relative motion. The strip theory predicts relative motions superior to the damping coefficients therefore the near-field method agreed better with the experiments compared to the far-field method. The mean added resistance ( R ∆ wave ) was non-dimensionalised as follows;
( 1) where ρ, g and A denote the density, gravitational acceleration, and the wave amplitude parameters respectively. In the present study, the mean added resistance of the vessel due to waves will be represented by the added resistance coefficient (σ aw ) for the comparison with other researchers results.
3D linear potential method
3-D potential flow calculations are carried out using the PRECAL (PREssure CALculation) software developed by the Maritime Research Institute Netherlands (MARIN) ( Van't Veer, 2009) . The PRECAL software is based on the planar panel approach which can calculate the seakeeping behaviour of monohull, catamaran and trimaran ships. PRECAL is a 3-D source-sink frequency domain code capable of solving the forward speed linear Boundary Value Problem (BVP) using the Approximate Forward Speed (AFS) and the Exact Forward Speed (EFS) methods. In the AFS method the BVP is solved using zero-speed Green's functions and then forward speed corrections are applied to the BVP equations. It is possible to use the Lid panel method (Lee and Sclavounos, 1989) where waterplane area (Lid) panels are used to suppress the occurrence of the irregular frequencies in the BVP solutions. In the EFS method, exact forward speed Green's functions are used to solve the forward speed BVP, but in the PRECAL software the Lid panel method can only be applied to the AFS formulation. In this study, forward speed ship motions are solved using the AFS formulation due to its fast and accurate results (Hizir, 2015) . The added resistance is calculated using the near-field method based on direct pressure integration over the mean wetted hull surface, using the second-order forces to calculate wave drift forces while the first-order forces and moments are calculated to solve the ship motions.
In added resistance calculations, only the mean values of the forces and moments are of interest. First-order quantities such as motions, velocities, accelerations, etc. have a mean value of zero when the wave is given by an oscillatory function with a mean value of zero. However, second-order quantities such as added resistance have a non-zero mean M. Kim et al. Ocean Engineering 141 (2017) [465] [466] [467] [468] [469] [470] [471] [472] [473] [474] [475] [476] value therefore in order to calculate the added resistance, second-order forces and moments need to be calculated. In the present study, in the calculation of added resistance only the constant part (mean value) of the added resistance is taken into account while the slowly oscillating part of the added resistance is trivial.
Computational Fluid Dynamics (CFD)
An URANS approach was applied to calculate the added resistance and ship motions in regular waves using the commercial CFD software STAR-CCM+. For incompressible flows, if there are no external forces, the averaged continuity and momentum equations are given in tensor form in the Cartesian coordinate system by Eq. (2) and Eq. (3)
where u i is the averaged velocity vector of fluid, u u ′ ′ i j is the Reynolds stresses and p is the mean pressure.
The finite volume method (FVM) and the volume of fluid (VOF) method were applied for the spatial discretization and free surface capturing respectively. The flow equations were solved in a segregated manner using a predictor-corrector approach. Convection and diffusion terms in the RANS equations were discretised by a second-order upwind scheme and a central difference scheme. The semi-implicit method for pressure-linked equations (SIMPLE) algorithm was used to resolve the pressure-velocity coupling and a standard k ε − model was applied as the turbulence model. In order to consider ship motions, a Dynamic Fluid Body Interaction (DFBI) scheme was applied with the vessel free to move in heave and pitch directions as vertical motions.
Only half of the ship's hull (the starboard side) with a scale ratio of 1/ 40 and a corresponding control volume were taken into account in the calculations, thus a symmetry plane formed the centreline domain face in order to reduce computational time and complexity. The calculation domain is
PP PP where the mid-plane of the ship is located at y = 0 and ship draught (T) is at z =0. The boundary conditions together with the generated meshes are depicted in Fig. 3 . Artificial wave damping was applied to avoid the undesirable effect of the reflected waves from the side and outlet boundaries.
The added resistance due to waves (∆R wave ) is obtained by Eq. (4)
where R wave and R c are resistance in wave conditions and calm water respectively, which are all predicted using CFD. The CFD simulations including calm water condition were performed as summarized in Table 2 where each identified by their case numbers. The ratio of non-dimensionalised wave length (λ L / PP ) is selected to be between 0.5 and 1.5, and the wave steepness in all cases was chosen to be 1/60. In all cases, the ship speed is 1.6375 m/s with Fn = 0.25 which corresponds to a ship speed of 20.14 knots. Regarding wave direction, the cases of following waves are considered for the validation of the CFD simulations and the comparison with the results of the 2-D and 3-D potential methods, and the experimental data.
Prior to the investigation of the added resistance with the heave and pitch motions using the CFD method, grid convergence tests were performed to capture the accurate wave length and height on the free surface for not only long wave (λ/L = 1.15), but also for short (λ/L = 0.7) wave conditions because in short waves when coarse mesh is used the added resistance might be underestimated. The coarse and fine mesh systems are derived by reducing and increasing cell numbers per wave length and cell height on free surface respectively using a factor of 2 based on the base mesh. The simulation time step is set to be proportional to the grid size as shown in Table 3 where Te represents the corresponding encountering period.
The results of the convergence tests with three different mesh systems in short and long waves are shown in Fig. 4 . As the number of cells increased, the added resistance coefficient increased, especially from the coarse mesh to base mesh system for short wave case. The test results of the added resistance for the base and fine mesh show a monotonic convergence with the convergence ratio (R G ) of 0.690 and Present(CFD, λ/L=0.7) Present(CFD, λ/L=1.15) Fig. 4 . Grid convergence test for the added resistance in short (λ/L = 0.5) and long (λ/L = 1.2) waves.
M. Kim et al. Ocean Engineering 141 (2017) 465-476 0.577 in short and long waves respectively (Stern et al., 2006) , which indicates that the effects of the grid change are accepted to be small between base and fine mesh system (Tezdogan et al., 2015) . Therefore the base mesh system was chosen for the CFD simulations in this study for both short and long wave cases and the cell number and time step vary according to the wave conditions in the simulations.
Also before calculating the added resistance of the ship due to waves, a wave calibration test was performed for the wave conditions of case 5 (C5) in Table 2 . Fig. 5 shows the wave contour of the free surface and the results of wave elevation in calculation domain. The difference of the simulated wave height between the inlet and ship and the input wave of the case 5 is 2-3.5%, which means the cell size and time step used are acceptable for the current CFD simulation model (Tezdogan et al., 2015) .
Estimation of ship speed loss
The flowchart in Fig. 6 illustrates the procedure of the developed methodology to estimate the ship speed loss due to wind and irregular waves considering the specific sea condition. R ∆ wave and R ∆ wind are the added resistance due to wave and wind, and η D and η S are the propulsion and transmission efficiency. The resistance in calm water R c and propulsion efficiency η D are estimated based on Holtrop and Mennen's method (Holtrop, 1984; Holtrop and Mennen, 1978, 1982) and transmission efficiency η S of the ship is assumed to be 0.99. 
Prediction of the resistance in calm water
In order to calculate the ship speed reduction as additional power required due to wind and wave, the resistance and required power in calm water have to be estimated in advance. In this developed methodology, the resistance and required power are estimated based on Holtrop and Mennen's method (Holtrop, 1984; Holtrop and Mennen, 1978, 1982) which is a regression approach based on model experiments and full-scale data, and which is a useful method for estimating resistance and propulsive power at the initial design stage.
Added resistance due to waves and wind
Regarding the numerical calculation of the added resistance due to irregular waves, the 2-D linear potential method was used. Although some of the assumptions and simplifications are applied, the linear potential theory agreed well with the experimental data with lower computational cost compared to the CFD method.
Since the speed reduction coefficient (fw) was introduced by IMO (2011) and adopted for the calculation of EEDI, the application procedures for the calculation of fw have been discussed in representative sea conditions defined by a wave height, mean wave period and wind speed for head wind and waves. As the representative sea condition, Beaufort Number (B.N.) 6 was adopted by IMO (2012) considering the mean sea conditions of the North Atlantic and North Pacific. In this study, the two parameter Pierson-Moskowitz spectrum based on significant wave height (Hs) and mean wave period (Tm) in short-crested waves with cosine-squared function is used under the assumption that the sea condition of interest is a fully developed sea. Table 4 shows typical sea conditions corresponding to Beaufort number up to 7 including the representative parameters at B.N. 6 for the consideration of fw in EEDI formula.
The relation between B.N. and significant wave height is taken from data published by Wright et al. (1999) which described sea state, significant wave height and wind speed corresponding to each B.N. in fully developed sea. Additionally, the relationship between Hs and Tm is taken from the formula which is recommended by the ITTC (2014) as expressed by Eq. (5).
The mean added resistance in irregular waves (R W ) is evaluated by numerical integration of the Pierson-Moskowitz spectrum and the mean added resistance forces in regular waves ( R ∆ wave ). The mean added resistance force for a particular wave heading, Hs and Tm is given by Eq. (6).
where S(ω) is the Pierson-Moskowitz spectral density based on the provided values for H s and T m .
The added resistance ( R ∆ wind ) due to wind is calculated by Eq. (7) (IMO, 2012):
where ρ a is the density of air, A T is the frontal projected area of the ship, which is assumed to be 700 m 2 based on other similarly sized container ships, C Dwind is wind drag coefficient from the chart by Blendermann (1994) , which were determined by the regression of wind tunnel test data for a variety of ship types and sizes, and U wind is wind speed.
Estimation for ship speed loss
From the predicted calm water resistance (R c ) and the estimated results of the added resistance ( R ∆ wind and R ∆ wave ), the total resistance (R T ) due to wind and waves can be estimated as Eq. (8).
The ship speed loss for each B.N. is estimated based on the assumption that the required power at the reference ship speed in calm water is the same as the required power in the specific sea condition as given by Eq. (9) after summation of calm water resistance and added resistance due to wind and waves.
where P BC and P BW are the required brake power in calm water and the specific sea conditions, and V c and V w are the reference ship speed in calm water and achievable ship speed in the specific sea conditions at the same required brake power as in calm water. Therefore, the ship speed loss can be estimated as Eq. (10).
Speed loss V V = −
c w (10)
Discussion of results
In this section, the results of the motion responses, added resistance and ship speed loss estimations are presented and compared with the available experimental data in regular head waves. The added resistance under ship motions is predicted in regular waves and the ship speed loss is estimated at the assumed design and other lower speeds by the proposed methodology. They will be discussed separately in the following sections. M. Kim et al. Ocean Engineering 141 (2017) 465-476 
Added resistance in regular waves
Prior to the investigation on added resistance, Response Amplitude Operators (RAOs) of heave and pitch motions are compared with the experimental data (Fonseca and Soares, 2004) in regular head waves as shown in Fig. 7 . It is a well-known fact that the added resistance is proportional to the relative motions, hence heave and pitch motions, and inaccuracies in the predicted motion responses may amplify the errors in the added resistance calculations. In this study, ξ 3 and ξ 5 are the amplitudes of heave and pitch motion responses respectively whereas k = 2π/λ is the wave number in deep water. The motion responses are evaluated at the ship's centre of gravity. As is illustrated in Fig. 7 , the CFD method and experimental data have reasonable agreement in heave and pitch motions. The overestimation of the heave motion using the 2-D and 3-D potential methods are amplified around the resonance period (1.0 < λ/L < 1.4), while the pitch motion results obtained from both methods show good agreement with the experimental data for all wave lengths. The results of the 2-D potential flow agree reasonably well with the experimental data except around the peak value even though the heave motion is more difficult to predict accurately than the pitch motions (Bunnik et al., 2010) . The 3-D potential flow over-predicts the heave motion around the heave resonance frequency and for long waves. The overestimation of the results obtained from the 3-D potential method for the heave motions can be attributed to the AFS formulation, in which the BVP is solved using zero speed Green's functions and then forward speed corrections are applied to the boundary conditions, and also to the NeumannKelvin (NK) approximation where the steady wave and unsteady wave interactions are linearized. Kim and Shin (2007) presented a study about the steady and unsteady flow interaction effects on advancing ships and showed that in heave and pitch responses the NK approach overestimates the heave and pitch responses compared to the experimental results, whereas the Double-Body (DB) and Steady Flow approaches agreed well with the experiments. The accuracy of the 2-D potential method is likely to stem from high encountering frequencies. As was explained previously, the 2-D potential method assumes low Froude number, high frequency and slender body approaches in the BVP solutions. Although the forward speed is high in the present problem, motion responses agree well with the experimental results because the motion responses are mainly dominated by the FroudeKrylov and restoring forces.
In addition to the vertical ship motion responses in head waves, the motions responses from the 2-D and 3-D potential methods for other wave headings are compared in Fig. 8 and Fig. 9 . Similar to the heave motion in head seas, both results of 2-D and 3-D methods agree reasonably well with each other except the resonance period for the heave motion in bow waves (θ = 30°and 60°) as shown in Fig. 8(a) and (b). For following waves, the heave motion from CFD was compared additionally, which agreed reasonably with both the results of 2-D and 3-D potential methods as compared in Fig. 8(f) .
Also similar to the pitch responses in head seas, both responses of 2-D and 3-D potential methods agree well with each other for other wave headings as shown in Fig. 9 .
The numerical results of the added resistance using the near-field formulation are compared with the available experimental data (Fujii and Takahashi, 1975; Nakamura and Naito, 1977) as illustrated in Fig. 10 , which indicates that the CFD and 2-D and 3-D potential methods both have reasonable agreement with the experimental data. In the present numerical calculation, the 3-D method estimated the added resistance slightly better than the 2-D method. This is likely to stem from the diffraction forces near the ships bow which is amplified with the increase in forward speed. Diffraction forces near the ships bow cannot be calculated accurately using the 2-D method due to the lack of properly defined bow geometry of the vessel and especially in short waves where the hydrodynamic nonlinear effects are intensified .
In addition to the calculation of the added resistance in head waves, validation studies on the added resistance for other wave headings are performed by comparing with experimental results by Fujii and Takahashi (1975) who carried out model tests in both regular head and oblique waves. Similarly to head seas, other wave heading directions showed similar trends using the 2-D and 3-D methods compared to the experimental data as shown in Fig. 11 . For following waves, the calculation of the added resistance was performed additionally using CFD, which agreed reasonably with both the results of 2-D and 3-D potential methods and experimental data as compared in Fig. 11(f) .
Speed loss estimation in random seas
Based on the developed approach, the speed loss due to wind and waves in random seas for the S175 containership is estimated and compared with the available simulations performed by other researchers. Among these researchers, Kwon's (2008) method is based on a semi-empirical model considering wind, vessel motions and diffraction resistance, and another study performed by Prpić-Oršić and Faltinsen (2012) estimates the ship speed loss and CO 2 emission which uses the ITTC spectrum in addition to considering the propeller performance in a seaway. The reference ship speed (V c ) in calm water is assumed to be 23 knots (Fn = 0.286) in the simulations. Fig. 12 shows the estimated ship speed loss due to waves only, and both wind and waves by the proposed approach where wind and waves are assumed to be collinear in all simulations. When only the effect of the waves are considered, the speed loss estimated in head sea by the present approach is similar to the simulated results obtained by Prpić-Oršić and Faltinsen (2012) as shown in Fig. 12 . Regarding the comparison with the results predicted by Kwon's method taking into account the effect of wind and waves, the ship speed loss predicted by the present approach is lower than the simulation results based on Kwon's semi-empirical model which predicts the ship speed loss only in relation to B.N. without considering the hull form. In the present study, the developed methodology is able to estimate the ship speed loss using the resultant motions and diffraction of the hull form in the specific wave and wind parameters of speed and direction separately as well as B.N.
The achievable ship speed due to waves, and both wind and waves, with weather direction on the assumption that the directions of wind and waves are collinear is estimated at B.N. 6 as a representative sea conditions as shown in Fig. 13 . If the effect of both wind and waves are considered and are assumed to be collinear, the speed loss for the wave and wind directions from head to bow seas (θ = 0-60°) is higher than the speed loss from beam directions (θ = 60-120°) and following sea M. Kim et al. Ocean Engineering 141 (2017) 465-476 Fig. 11 . Added resistance comparison in various wave headings at Fn = 0.25 (θ = 30°,60°,90°,120°,150°,180°).
M. Kim et al. Ocean Engineering 141 (2017) [465] [466] [467] [468] [469] [470] [471] [472] [473] [474] [475] [476] directions (θ = 120-180°). For following seas, the speed loss is less than 0.2 knots due to the wind thrusting the ship forward. From the study on the speed loss at varying directions of wind and waves, the speed loss can be estimated with the ship operating direction relative to wave and wind direction.
Estimation of ship speed loss and sea margin
The speed of a vessel has a dramatic impact on the fuel consumption because the speed exponentially is related to the propulsive power required. This significant potential saving makes it easy to understand why there is substantial interest in slow steaming, especially when fuel prices escalate. With consideration for the slow steaming of containership speeds, the ship speed loss at lower speeds is investigated. With the estimation of ship speed loss due to wind and irregular waves respectively, the sea margin for the ship at the representative sea condition of B.N. 6 is also investigated based on the proposed methodology for lower ship speeds (V c = 20.14 and 16.11 knots) and the assumed ship design speed (V c = 23 knots) in calm water. In this study, as summarized in Table 5 , as the ship reference or operating speed is decreased, the ship speed loss increases and higher sea margin is needed to achieve the same reference ship speed at the sea conditions at B.N. 6. The differences in the ship speed reduction due to wind and waves based on the change in the reference speed from 23 knots to 16.11 knots are 0.2 knots and 0.42 knots respectively, thus when the ship reference speed decreases, the effect of the ship speed loss due to waves is higher than that for wind. Furthermore, when the ship speed is decreased, the corresponding sea margin is increased, whereas the absolute value of the required additional power is decreased.
Conclusions
A reliable methodology to estimate the added resistance and ship speed loss of the S175 containership due to wind and waves in a seaway was proposed using the Pierson-Moskowitz spectrum, depending on the significant wave height and mean wave period parameters corresponding to each B.N. up to 7. The reduction in ship speed was estimated using the developed approach and was compared with simulation results predicted by other researchers. Based on comparison results of the ship speed loss due to wind and waves and considering actual sea conditions for ship operation, the capability of the developed approach to predict the ship speed loss in realistic sea conditions was investigated in detail. From the estimated results of the ship speed loss due to wind and waves, at low B.N., the effect of wind on the ship speed loss was observed to be higher than that of waves, however at higher B.N., which means that the sea condition was getting more severe, the speed loss due to waves was larger than that due to wind. At the representative sea conditions of B.N. 6, the speed losses due to only wind, and both wind and waves, were predicted with respect to weather direction. From the study on the speed loss at varied directions of wind and waves, the speed loss can be estimated with the ship operating direction relative to weather direction. In head seas especially, the total speed loss was estimated to be 1.21 knots (0.58 knots due to wind and 0.63 knots due to waves) whilst the required sea margin was predicted to be 17.2%.
The proposed methodology was developed considering the latest IMO and ITTC guidelines/recommendations. Therefore, this study will be helpful for the calculation of fw in the EEDI formulation and the hence assessment of the environmental impact of ship emissions. Also, with the ship main particulars and hull form lines, even in the ship design stage once the general hull form is set, it is possible to optimize the hull form for better performance not only in calm water but also in a seaway considering the speed loss and ship motions, which are related to ship safety and efficiency in operation. In the developed approach, the prediction methods for the added resistance can be updated (e.g. wind tunnel test results of the ship instead of using the Blendermann chart as general empirical chart for the prediction of the added resistance due to wind).
Before predicting the added resistance and ship speed loss due to wind and irregular waves, a wide range of validation studies was performed for the added resistance with ship motions in regular head and oblique seas using the 2-D and 3-D linear potential theories and unsteady RANS simulations by CFD. From validation studies for the motions of heave and pitch and the added resistance compared with the available experimental data, the characteristics of the 2-D and 3-D linear potential methods and CFD were investigated and the numerical results were found to agree reasonably well with the experimental data in regular head and oblique seas. For following seas, the calculation of the added resistance was additionally performed using CFD, which also showed reasonable agreement with the 2-D and 3-D potential method results and experimental data.
Reduction in ship speed and the required sea margin due to wind and waves to achieve the initial reference speed (V c ) were investigated at B.N. 6, which was adopted by the MEPC as the representative sea conditions for two lower speeds (V c = 20.14 and 16.11 knots) and the assumed ship design speed (V c = 23 knots) in head wave and wind conditions. This study indicates that as the ship reference or operating speed is decreased, total speed loss due to both wind and waves increases, especially due to waves. It should be noted that if a ship operator would order a reduction in ship speed, the difference between the specified speed and the actual ship speed increases for the same wind and wave conditions in a seaway. Also, the estimated sea margin is significantly increased when the initial reference speed is decreased, even though the absolute value of the required additional power is reduced. At the ship reference speed of 16.11 knots, almost 35% of sea margin would be required to maintain operation at the same speed.
For future work, further study on the prediction of the added resistance with ship motions for other ship types, especially blunt hulls such as crude oil tankers and bulkers, and further development of a reliable methodology to estimate the ship speed loss using 2-D as well as 3-D potential methods in head and oblique sea conditions including other effects such as ship draught and the change in propulsive performance will be carried out. Finally, it would be interesting to develop the forebody hull of a vessel to reduce the ship speed loss in a seaway considering actual operating conditions.
